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Abstract 
The paper studies lean construction as a co-operational way of working to achieve nZEB targets and good indoor climate and to 
find new innovative combinations of building solutions. Main target of this paper is to assess energy efficiency, resource efficiency 
and economics of lean wooden nZEB compared to traditional wooden apartments. The results are based on lean construction 
literature survey, interviews and two case studies. According to a case calculation lean production of cost optimal wooden nZ EB 
causes only about 115 €/m² additional investment cost compared to construction, which only fulfils the minimum requirements as 
defined by building regulations. Annual savings in energy cost is about 8 €/m² as present value. The annual life cycle cost is about 
5 €/m² as present value for the calculation period of 30 years. Also resale value and user-value (aesthetic value, thermal comfort, 
high quality of inner climate and good adjustable lightning) are a little higher compared to the traditional building. Calculations  
show that the total productivity of lean construction is about 20 % better than of basic construction in both assessment cases. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
The energy Performance of Buildings Directive [1] requires all new buildings to be nearly zero energy buildings 
by the end of 2020 (in public sector by the end of 2018). The national regulations are based on cost optimization  
within calculation period of 30 years in the case of apartment buildings. Also  resource efficiency and user-values 
should increase.  
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Our hypothesis is that lean production of wooden nearly zero energy buildings (nZEBs) is a favorable method to 
fulfil these targets. Then lean construction is a way to design production systems to minimize waste of materials, time 
and effort in order to generate the maximum possible amount of value, which is defined as the whole series of activities 
that create and build value at every step [2]. The validity of this was studied and verified within European project 
“Innovative¹ lean processes and co-operation models for whole value chain (Fig. 1.) of urban timber buildings”  
(LeanWood). 
Lean construction is essentially based on client-driven process where the client sets the target-values [3]. Both 
designers and clients share the responsibility for revealing and refining concerns, for making new assessments of what 
is value, and for selecting how that value is produced through  the design process [3]. 
Lean construction is a primary way to prevent large amounts of information losses at the interface of planning, 
factory production and construction. Compared to common on-site construction prefabricated timber solutions require 
a higher effort for planning and decision making in early project stages; this is a p reconditions also for successful 
nZEB construction. 
 
 
 
Fig. 1. Workflow from Design to Assembly with good logistic management and utilizing Building Information Model (BIM).  
2. Targets and methods 
The main target of this paper is to assess economics, energy efficiency, environmental effects and user-satisfaction 
of lean wooden nZEB compared to traditional wooden apartments. In addition, the study assesses differences in work 
productivity between prefabricated apartment modules and prefabricated timber element s. The specific targets were 
to assess: 
x the carbon footprint and wastes of lean nZEB wood construction  
x the investment cost, energy cost and life cycle cost of lean nZEB wood construction and 
x users’ satisfaction with regard to indoor air climate, acoustics and thermal comfort. 
The results are based on lean construction literature survey, interviews and two case studies (Table 1). Two real 
building cases were studied. The other case (A) was constructed by prefabricated, large timber elements and the other 
one (case B) with prefabricated apartment modules (Fig. 2.). Case study A made it possible to study the results against 
our hypothesis and make conclusions. Both case projects are located in the capital region of Finland. Case A is located 
in the city of Vantaa. It is a single building, with its first floor made of concrete and the other six floors made with  
timber elements. Case B, is located in Helsinki. It comprises of four separate buildings, each with concrete first floor 
and other, four to six floors, made with timber modules. Case B made it possible to analyse the productivity effects of 
use of prefabricated apartment modules. 
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Table 1. Basic information of the two cases. 
 Case A (Kivistö) Case B 
Building type Residential building Residential building 
Location Vantaa Helsinki 
Living area 10 120 m² 6 287 m² 
 
The case studies started by studying the project documents and design meeting memos which formulated  
background material for the investigation. The research team had an access to the project documentation of both cases. 
The documentation used in the case descriptions included: relevant information models and design document, meeting  
memos from design and site meetings as well as project and site schedules. In addition to this, the projects have 
submitted supplementary information, when it was seen necessary by the research team. 
We assessed the economics of wooden nZEB compared to traditional wooden apartment building (case A). 
Moreover, we analysed the differences between work productivity of prefabricated apartment building modules (case 
B) and prefabricated timber elements (case A) based on two case studies both in traditional and in lean production.  
 
 
Fig. 2.  Façade of Case A (Kivistö) 
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3. Lean production of wooden nZEB Concept 
Project delivery systems enhancing the collaboration are recommended to be used in the context of nZEB 
technology because very good expertise of all design disciplines and construction is needed. More experts are attached 
to the project from its early stages and through the project with the modern procedures compared to traditional project 
delivery and contracting efforts [4].   
The project process of nZEB in wooden residential building is based on integrated and lean : 
x Design (design concepts, process design, product design, detailed engineering) 
x Factory production (fabrication and logistics) 
x Construction 
x Operations and maintenance.  
The recommendations of lean production process are as follows [3]: 
x Support the client to establish the target-values.  
x Apply change-flexible but accurate contracting leading to choice of designers with experience on wood and 
energy efficiency.  
x Nominate the person to be responsible for risk management and achievement of energy and indoor climate 
targets as early as possible.  
x Apply regular and collaborative design process within which the roles of main designer and representative of 
timber manufacturer is emphasized and the whole team is relatively permanent.  
x Use standardized 3D –joints and ensure compatibility of different systems. Minimize amount of details. Ensure 
the existence of technical specifications for planned systems, products and joints.  
x Complete element design before start of manufacture in order to remove unnecessary design work by element 
manufacturer. The factory production schedule becomes the dominant factor. 
x Consider the limits of transportation and lifting. 
x Ensure exact organisation and management of time of works on site. 
x The experiences of construction process in the first floor of the building are important to be taken into account 
when building the next floors. 
Also such routines that reveal what is learned and innovated should be in use. Process design and production control 
are primary management methods. 
Consideration of all life cycle phases is important: 
x Project phases are conceptualized as interlinked triads (Fig. 3.); development in phases occurs through 
conversation 
x Simultaneous decisions regarding product and process design  
x Process design and production control are primary management methods .  
x   Table 2 shows preliminary work flow results of using 
x Modular box elements and 
x Large timber elements with corresponding components and HVAC joints  
   The real work inputs may vary a lot because of size of construction project, design solutions and experience of 
timber workers.   
  The results in Table 2 are based on: 
x Estimate of planning work by means of interview survey [5] within which all together 6 designers were 
interviewed  
x Estimate of factory work inputs by means of interview survey [5] within which a ll together 7 timber elements 
suppliers were interviewed  
x Estimate of construction unit works by means of Finnish RATU -production files [6] 
x Estimate of real labour input by means of case study information [7] 
x Estimate of work productivity improvement potential of lean construction [3] 
x Calculation of delivery cycles on construction phase based on construction unit times  
On the basis of preliminary assessment, the total work productivity (work hours/room-m²) of prefabricated 
apartment building modules is 10..20 % better and construction time (delivery  time of system) remarkably shorter 
206   Sakari Pulakka et al. /  Energy Procedia  96 ( 2016 )  202 – 211 
than that of prefabricated, large timber elements with corresponding components and HVAC joints (Table 2). Also 
the total productivity of lean construction is about 20 % better than of basic construction in both assessment cases.  
Table 2. Labour inputs on different estimation levels (typical, real, target lean). 
 
 
4. Target setting and verification of lean nZEB 
4.1. Total targets and realization 
An example of target setting for nZEB and verifications (Case A) is shown in Table 3. The example is based mainly  
on the case study A. The contents of columns can be described as follows : 
x Minimum requirements are based on the Finnish regulations  
x Design targets of nZEB are based on target information set together by the builder and construction company  
x Targets of Lean nZEB are based on the original design targets and labour productivity improvements as seen 
potential for lean production as shown in Table 2 (the same energy efficiency values as in the case of original 
design targets for nZEB) 
x Construction Lean nZEB values are based on realized nZEB solutions with corresponding energy efficiency 
values 
x Use phase values are based on energy consumption measurements and user survey  
 
The initial target information has been gathered from project documents of the Case A and Finnish build ing 
regulations.  
The management of maintenance is based on life cycle based maintenance considering renewals of individual 
building parts and consideration of risks with the help of building automation and inspection of buildings.   
The Life Cycle cost (LCC) analysis takes the capital and the life cycle cost impacts into account by using net 
present value. The result will be a cost effect of different options. 
The annual life cycle costs are calculated during the following period of 30 years.  The following issues have been 
taken into account in the calculate: 
x The investment cost covering the design and construction costs  
x Heating energy cost based on the average month tariffs and the average basic fees – both (Vantaan Energia Ltd. 
1/2016).  
x Electrical energy cost (based on the prices of Vantaan Energia Ltd. 1/2016) 
WORK INPUT Planning Factory 
production 
Construction Total 
h/room-m2 h/room-m2 h/room-m2 h/room-m2 
Use of exterior wall, interior wall and slab elements          
  Typical labour input 0.40 1.05 1.00 2.45 
  Real labour input  0.40 0.80 1.10 2.30 
  Lean labour input  0.35 0.85 0.85 2.05 
  Delivery cycle      0.7…0.9   
Modular box elements         
  Typical labour input 0.30 1.60 0.20 2.10 
  Real labour input  0.30 1.65 0.25 2.20 
  Lean labour input  0.30 1.45 0.15 1.90 
  Delivery cycle, box elements     0.06...0.08   
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As basic rate of interest has been chosen 0 % as well as possible taxation advantages and other supports for use of 
renewable energy resources too and rise of energy prices too. The differences in maintenance costs were estimated to 
so minor that they were not taken in account. 
Table 3. Performance indicator values for Case A. The values are in accordance with 1) current minimum requirements (yellow column), 2 ) 
Design values when nZEB is targeted (grey column), 3) Design values when lean nZEB is targeted (green column), 4) Realized values in 
construction and use (white columns)  
Living area: 10 120 m² Unit/Method Minimum Design 
Targets 
Design 
targets 
Construction Use  
Calculation period: 30 years   demands nZEB  Lean³ 
nZEB  
Lean nZEB  Lean nZEB  
Item   Regulations 
with 
comparison 
values 
Cost 
optimal 
nZEB 
solutions 
and values 
Lean 
production 
of cost 
optimal 
nZEB 
solutions 
Realized 
nZEB 
solutions, 
value 
measurements 
Measurements 
and user-
survey  
Energy efficiency   Calculative¹ Calculative¹ Calculative¹ Calculative¹ Measured⁴ 
  Energy class class C B B B   
  Calculative E -value¹ kWh/m² 130 92 92 92   
    Space heating energy kWh/m² 45 15 15 15 ⁴
    Water heating energy kWh/m² 35 20 20 20 ⁴  
    Facility electricity kWh/m² 23 20 20 20 ⁴  
    User-electricity kWh/m² 20 15 15 15 ⁴  
  Total  need of energy kWh/m² 123 70 70 70 ⁴  
    Share of renewable electricity kWh/m² 0 18,5² 18,5 18,5 ⁴                
  Structural targets             
    Heat losses through ground floor W/m²K 0,16 0,09 0,09 0,09   
    Heat losses through exterior walls W/m²K 0,17 0,12 0,12 0,12   
    Heat losses trough upper floor W/m²K 0,09 0,08 0,08 0,08   
    Heat losses through windows W/m²K 1,00 0,59 0,59 0,59   
    Air-tightness m³/(m²h) 2,00 0,60 0.60 0,60   
  HVAC targets             
    Energy efficient lightning yes/no no yes yes yes   
    Adjustable ventilation yes/no no yes yes yes   
    Annual heat recovery of ventilation % 65 80 80 80   
    Level of building automation   average high high high   
Cost efficiency             
  Difference in investment cost €/m² 0 130 115 115   
  Difference in annual energy cost  €/m²,a 0 -8 -8 -8   
  Difference in annual cost (30 y) €/m²,a 0 -4 -5 -5   
Environmental impacts             
  Carbon foot print CO΍  (Materials) kg/m²,a           
  Carbon footprint CO΍  (Energy) kg/m²,a           
  Material wastes kg/m²           
  Use of water dm³           
Indoor environment             
  Classification class Fisiaq⁶ S2 S2 S2 S2   
  User satisfaction of thermal comfort   Good Good Excellent Excellent ⁵   
  User satisfaction of indoor 
environment 
  Good Good Excellent Excellent ⁵   
  User satisfaction of acoustics   Good Good Excellent Excellent ⁵   
¹  Calculative total energy consumption taking coefficients of different energy sources in account  
²  Solar energy system which produces 100 % of needs of Facility electricity 
³  According to work input sheet 
⁴ According to energy consumption measurements (1.1.2016-31.12.2016) 
⁵ According to user-satisfaction 
⁶ Finnish society of indoor air quality and climate 
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4.2. Energy efficiency 
Technologies that are needed in order to achieve nZEB targets [3,4] in case A  are as follows: 
x Solar energy as renewable energy source  
x Effective protection towards sun shine  
x Structures with very low thermal transfer and good air-tightness  
x Smart building automation integrated in energy efficient, adjustable HVAC systems and  
x Energy efficient lighting system 
The prefabrication helps to prevent moisture risks and means often better quality of works.    
As nZEB prerequisites compatible HVAC and structural systems with architecture, very good co -operation 
between different designers is the only way to manage risks and avoid partial optimizations.  
Total need of energy (heating, electricity) of Case A is about 40 % lower than the maximum by energy regulations. 
Especially energy need for space heating is remarkably lower. More over utilization of renewable energy decreases 
the amount of energy purchases.      
4.3. Cost efficiency 
According to the calculations concerning the case A lean production of cost optimal wooden nZEB causes only 
about 115 €/m² additional investment cost compared to the construction that just fulfils the minimum requirements by 
regulations. Then lean construction means  about 15 €/m² lower investment costs than traditional construction of nZEB 
because of better labor productivity as shown in Table 2. 
Based on the calculations the savings in energy cost is abou t 8 €/m²,a and in annual life cycle cost about 5 €/m²,a 
as present value for calculation period of 30 years. Also resale value and user-value (aesthetic value, thermal comfort , 
high quality of indoor climate and good adjustable lightning) are little higher compared to the traditional building. 
However the importance of lean construction to total investment cost is relatively low because the sh are of labor cost 
is quite small. The economic efficiency of energy efficient wooden apartments is improved compared to the calculation  
results for two cases: when energy costs rises and/or the investment costs decreases. 
4.4. Environmental impacts 
4.4.1. Introduction 
Sustainable use of natural resources is essential in lean construction. Resource efficiency brings responsibilities for 
all actors in the whole building value chain. In wooden construction, sustainable use of natural resources starts with  
sustainable forestry, but the design process is responsible for designing resource efficient solutions, which are durable, 
material and energy efficient and long lasting.  
Life cycle assessment approach (LCA) was used as a method for the assessment of lean construction [10]. Life 
Cycle Assessment for building construction starts from raw-material acquisition and covers all phases up to the end 
of the building service life and the final disposal. There are also other processes which could be considered after the 
building life cycle such as material reuse, recycle and consequential benefits. Still this assessment considers only 
manufacturing, design, production and building use phase and covers both  embodied and operational impacts.  
According to the methodology there are 10 different parameters which describe resource use and three which 
describe waste categories. In addition, greenhouse gas (GHG) emissions rather well indicate material-efficiency [11]. 
This study uses carbon footprint as the parameter for assessing material-efficiency in lean construction.  
Construction industry has multiply building material and structure types which all consume different amounts of 
materials and have a different environmental impact. Building design and selection of main building materials is often 
the choice of designer and especially architect [12]. Reducing embodied carbon during design process in buildings is 
discussed in Häkkinen et al (2015) article [12]. Building regulations for energy efficiency and national targets for 
renewable energy increase the relative impact of embodied carbon over the energy use. The current building 
regulations in Finland do not take into account embodied carbon from used building materials.   
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4.4.2. Environmental impact from materials 
In leanWood project two different wooden multistorey residential buildings were studied (case A and case B) [13]. 
The assessment contains all main building structures but excludes HVAC- and sprinkles systems, sanitary equipment, 
pipes, cabling, and fittings as the overall impact of those is rather small. 
Table 2 shows the assessed environmental impact values for the Case A.  
On the basis of the assessment the GHG emission values are different for the Case A and Case B differ. An essential 
factor is the amount and share of concrete: Case A building (with higher share of concrete) has 2.7 times higher 
material consumption than Case B. Case A also has higher GHG values; Case A GHG emissions value was 390 kg/m², 
where 80 % comes from concrete structures while Case B has the value 187 kg/m2 of which 30 % comes from 
concrete. 
Architectural design and the chosen level of pre-fabrication and the chosen solutions for wooden structures have 
an impact on the used material types, material intensity but also to the waste generation and possibilities for utilization .  
The pre-fabrication level pays a great role for waste generation and utilization.  We have earlier shown that the pre -
fabrication helps material management in manufacturing site partly because of better possibilities for precise and 
economical procurement of raw materials and also because of better utilization of wooden residues at the 
manufacturing site [13]. Wooden wastes from large element production have been utilized for the heating of element  
factory. This saves fossil energy and thus reduces the total impact from element production. Instead, the utilization of 
the wastes from construction site depends mostly on the collection and sorting systems. Even in t he case of good 
systems the waste is most probably utilized in other processes and the benefits are thus shifted to these other processes. 
Environmental impact from energy use  
The Finnish energy industries have set a goal to reach to the nearly zero carbo n emissions in energy production. 
The industry has been decreased carbon emissions of the electricity production by 157 g/kWh during 2006 – 2015 
[14]. This reduction tendency seems to be continuing. In this assessment the average electricity production in 2015 
was used as the basis for the average carbon footprint value as reported by energy industries (97 g/kWh generated). 
However, LCA approach also considers acquisition of energy raw-materials and delivery losses resulting to the unit 
emission value 113 g /kWh for the electricity consumption. 
Life cycle assessment for the operational energy depends not only on energy efficiency but also from the energy 
type used and especially from the heating type. Energy efficiency in Finland is calculated on the basis o f the primary  
energy coefficient and E-value. For the assessed building Case A, the energy class is B. Even though the location of 
the assessed building (case A) is favorable with regard to the heat generation. Local district heat producer produces 
heat with the help of waste incineration resulting in carbon footprint 146 g/kWh/consumed. This is much less than 
average Finnish district heat. Heat producers have also made efforts to lower emissions. Low carbon emissions from 
district heat could be achieved by using locally produced district heat made from renewable sources (Fig. 3).  
 
 
Fig. 3.   Example for CO2 emissions generated from heating demand 1 kWh in district heat production and for different energy raw-materials. 
Lean production of wooden nZEB means very efficient use of natural materials and non-renewable energy as well 
as low amounts of material wastes. Prefabrication is the solution for less waste in construction site. It gives better 
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possibilities for material utilization at element manufacturing site. Hybrid structures (wood/concrete) can use resources 
as much as heavy concrete. Their efficiency depends on the better performance, if achieved. 
4.5. Indoor environment  
The User satisfaction in the pilot house (Case A) planned to be in two stages u sing short questionnaire for POI   
(Post Occupancy Evaluation). The first questionnaire takes place after the first winter season. The tenants have been 
at that time living in the apartment a bit more than half year and they have already some experience of the apartment 
as well as they still remember their previous apartment. The building technology itself has been under adjustment in  
the first winter season thus not representing the final best possible adjustments. This is why the questionnaire will be 
repeated about one year after this initial POI. This article only has  the results of the first questionnaire. 
The questionnaire was send to 79 apartments and received from 32 apartments equals to 41% of apartments 
participation. The questionnaire was a two-sided A4 with questions with 4 or 5 answer choices at LIKERT –scale.  
The next table 4 shows the answers as average of all 32 answers. Almost all questions are pairs of this apartment 
compared with the value of previous apartment. The Exceptions are 2 last q uestions where the question was the 
knowing the principle of heating and ventilation and the usage of water. 
Table 4. Results of user-satisfaction survey concerning this apartment and previous apartment before movement to this builsing.  
Question Scale LIKERT 
Scale 
This 
Apartment 
Previous 
Apartment 
1. Room temperature in winter? Often too high…Often too low 1…5 3.1 3.4 
2. Draft in Winter ? Often...Never 1…4 3.4 2.6 
3. Room Air Humidity in winter? Often too high...Often too low 1…5 3.5 3.6 
4. Stuffy Indoor air quality in winter? Often...Never 1…4 3.2 3.2 
5. Smell from another apartments or staircase? Often…Never 1…4 3.6 3.1 
6. Frost in Windows in winter? Often...Never 1…4 3.7 3.3 
7. Ventilation efficiency? 
-for normal use 
-for cooking 
-for shower 
-drying laundry 
Poor…Good 1…4  
3.3 
2.3 
3.0 
2.9 
 
3.0 
2.9 
2.9 
2.9 
8. Do you ventilate using windows? Often…Never 1…4 2.3 2.4 
9. Do you feel disturbed by noise from heating 
pipes, water pipes, sewer or ventilation? 
Often…Never 1…4 3.5 3.0 
10. Do you feel disturbed by noise from other 
apartments? 
Often…Never 1…4 2.9 2.6 
11. Do you feel disturbed by noise from outside 
? 
Often…Never 1…4 3.4 2.8 
12. How well you know the heating and 
ventilation principle of your apartment? 
Well…Not at all 
 
1…4 2.5  
13. Do You use water sparingly?  Sparingly...extravagantly (where 
2 = normally) 
1…4 1.9  
 
 The questionnaire results show that in the tenants are more satisfied to the apartment compared to previous 
apartment.  Almost all answers showed better results when comparing the average values of likert numbers. The only 
minor exception was the sub question of ventilation efficiency for cooking. 
The question 13 show that the tenants ’ feel that they use water normally. 
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The user satisfaction to thermal comfort average is 3.1 where the answer 3 is “ok”. The same value for the previous 
apartment gives 3.4 which almost halfway towards the “sometimes too cold” value of 4. When taking closer look to 
the data not only the better average but also the percentage of the “ok” answers  (Likert value =3) was higher with this 
apartment (52%) compared to the previous apartment (40%).  
The user satisfaction to Indoor Environment as a whole can be estimated to be a summary of the questions 2…7. 
Based on the average values of the answers the overall satisfaction can be regarded more excellent than good.  
The user satisfaction to the acoustics  can be estimated to be more excellent than good as a summary of questions 
9…11. 
As a conclusion it can be stated that the design target of excellent user satisfaction (Thermal comfort, indoor 
environment, acoustics) is received. 
5. Conclusions  
Lean construction is a collaborative working method and an innovative way to achieve nZEB targets and good 
indoor environment. The project process and technological solutions used in Kivistö case were shown to achieve the 
national nZEB targets.  
Target setting matrix makes it easy to set individual economical and energy efficiency targets to project, to steer 
design towards targets and to control energy efficiency in use.  
Lean production of cost optimal wooden nZEB causes relatively low additional investme nt cost compared to the 
construction, which only fulfils the minimum requirements by regulations. Savings in energy cost are almost 10 €/m²,a 
and in annual life cycle cost about 5 €/m²,a as present value for a calculation period of 30 years. Also resale va lue and 
user-value are little higher compared to the traditional building. The importance of lean construction to total investment 
cost is relatively low because the share of labor cost is quite small.  
Wooden nZEBs mean also very efficient use of natural materials and non-renewable energy. 
It can be stated that the design target of excellent user satisfaction (Thermal comfort, indoor environment, acoustics) 
is received in Kivistö case. 
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